Introduction
[2] Fault zones with reductions in seismic velocities up to 50% relative to surrounding country rocks have been imaged along active faults by both seismic and InSAR studies [e.g., Li et al., 1998; Ben-Zion et al., 2003; Fialko et al., 2002; Fialko, 2004; Cochran et al., 2009] . The compliant, low-velocity fault zones are very likely weaker than surrounding rocks and thus are more responsive to relatively small stress changes induced by nearby earthquakes. Detailed examinations of InSAR images reveal anomalous displacements across faults in the vicinity of several major crustal earthquakes, such as the 1992 Landers, and 1999 Hector Mine earthquakes. Although earlier studies attribute the displacements to triggered subsurface slip of pre-existing faults [Price and Sandwell, 1998; Sandwell et al., 2000; Wright et al., 2001] , an elastic inhomogeneity model [Fialko et al., 2002] better explains the observations. In the elastic inhomogeneity model, the anomalous displacements are explained as elastic response of compliant fault zones to the static stress changes induced by nearby earthquakes.
[3] However, compliant fault zones may also respond to dynamic stress perturbations and the response may be inelastic. For example, Vidale and Li [2003] reported a temporary reversal of the healing process of the Johnson Valley fault induced by the 1999 Hector Mine earthquake. They propose that dynamic stresses cracked connections in the rock and caused the discernible damage. This observation strongly suggests that response of weakened, compliant fault zones to dynamic stresses may be well beyond linearly elastic limits. A recent study [Hearn and Fialko, 2009] investigated effects of the coseismic reduction in fault zone rigidity on deformation of fault zones. Their model is still linearly elastic and only static stress changes are considered in their analysis.
[4] Recent advances in dynamic rupture models with an elastoplastic constitutive relation in the medium [e.g., Andrews, 2005; Duan and Day, 2008; Duan, 2008a Duan, , 2008b Templeton and Rice, 2008; Ma, 2008 Ma, , 2009 provide us with a means to examine possible inelastic response of compliant fault zones to nearby ruptures. Plastic yielding in the models is an approximate continuum representation of the brittle damage mechanisms that dominate nonlinear deformation in the upper crust. The brittle damage mechanisms may include sliding along pre-existing cracks, crack opening, and generation of new cracks. In this paper, we focus on signals of inelastic response of fault zones in the static displacement field.
Method
[5] We use a finite element method EQdyna Oglesby, 2006, 2007; Duan and Day, 2008; Duan, 2008a Duan, , 2008b Harris et al., 2009; Duan, 2010] to simulate spontaneously dynamic rupture on a fault (an idealized surface) and wave propagation in the surrounding medium. Rupture propagation on the fault is governed by a linear slipweakening friction law, in which the frictional coefficient m drops from static value m s to dynamic value m d over a critical
where d is slip on the fault, when shear stress on the fault reaches yield stress. To initiate rupture, we prescribe a small nucleation patch within which rupture is forced to propagate at a slow speed (e.g., half of shear wave speed). Outside this nucleation patch, rupture propagates spontaneously at faster speeds. Rupture arrests at the fault edges (except the free surface) due to prescribed barriers (e.g.., high m s values).
[6] A Mohr-Coulomb yield condition given by t ≤ c − s n tan is used to characterize elastoplastic behavior of the medium, where t and s n are shear and normal (positive in tension) stresses in any orientation at a point, and c and are cohesion and the internal frictional angle, respectively. In a 2D plane-strain framework with relevant stress components s xx , s yy , s xy , the criterion requires that
When this criterion is violated, stresses are adjusted to the yield level. The increments of plastic strain components " ij p are calculated from the adjustment to the corresponding stress component and shear modulus. The magnitude of plastic strain is calculated as
[7] We run dynamic simulations long enough in this study to obtain the static displacement field in the main model region. To prevent reflections from artificial model boundaries from contaminating phenomena under investigation, we use a very large buffer region in the finite element mesh to place these boundaries far away from the main model region.
Results
[8] We work on 2D models of an inhomogeneous, elastoplastic medium in a plane-strain framework. The target model ( Figure 1 ) contains three parallel, equally spaced low-velocity fault zones (FZ1, FZ2, FZ3) and a right-lateral fault (an idealized surface) along the center of FZ2. Notice that we do not explicitly place faults in FZ1 and FZ3, as we do not allow localized slip on idealized fault surfaces in the two zones. To isolate effects of FZ1 and FZ3 on the displacement field, we use a reference model without FZ1 for the negative y region and another reference model without FZ3 for the positive y region. In this set of models, the width of the fault zones is 600 m and the reduction of seismic velocity is 30%, relative to P and S wave velocities in the country rock that are 6000 m/s and 3464 m/s, respectively. The ruptured fault is 30 km long. Mohr-Coulomb parameters tan and c are 0.85 and 20 MPa for the country rock, 0.6 and 0.1 MPa in FZ2, and 0.4 and 0.3 MPa in FZ1 and FZ3, respectively. Friction coefficients on the fault surface are m s = 0.6 and m d = 0.2, respectively. A uniform prestress field with s xx = −39.17 MPa, s yy = −26.83 MPa, s xy = 10.29 MPa is assigned in the entire model. The mean stress from this pre-stress field is −33 MPa, corresponding to a depth of about 2 km. An element size of 20 m in the main model region is used. Other parameters in the models include the critical slip distance D 0 0.25 m, the half length of the nucleation patch 800 m, and rock density 2670 kg/m 3 . We run the simulations to 50 seconds to obtain the static displacement field.
[9] The presence of FZ1 and FZ3 results in strain localization: The slope of the static displacement profiles becomes steeper across the fault zones (Figure 2 ). The residual displacement field, defined as the difference in displacement between the target model (solid blue) and the corresponding reference model (dashed blue), clearly shows anomalous displacements across FZ1 and FZ3. Along AA′, FZ1 experiences left-lateral displacement of ∼1.1 cm and fault-normal shortening of ∼1.4 cm. While along BB′, FZ1 experiences right-lateral displacement of ∼5.1 cm and fault-normal extension of ∼3.1 cm. The west portion of FZ1 (i.e., negative x) experiences left-lateral motion ( Figure 1a ) and faultnormal shortening (Figure 1b) . The east portion of FZ1 (i.e., positive x) experiences fault-normal extension. Part of the east portion of FZ1 (i.e., between about x = 7 km and x = 17 km) exhibits right-lateral motion, while the remaining experiences left-lateral motion. Variations in the residual displacement field along FZ3 are antisymmetric to those along FZ1 with respect to the ruptured fault.
[10] The above variations in the fault-parallel displacement across FZ1 and FZ3 are primarily a consequence of occurrence of inelastic deformation along portions of the fault zones (Figures 3a and 3b ). These portions of FZ1 and FZ3 are in the extensional quadrants of the right-lateral rupture, where the mean stress (s xx + s yy )/2 experiences extensional changes (Figure 4a ) and rock is weakened. Notice that inelastic deformation does not occur in the entire extensional quadrants along FZ1 and FZ3. We remark that inelastic deformation is a result of dynamic stress perturbations in the fault zones, which vary spatially. One evidence for the role of dynamic stresses is that static change in s xy (Figure 4b ) along FZ1 and FZ3 is negative, which is unfavorable for plastic yielding. Ma [2008] reported a positive correlation between inelastic strain and peak particle velocity. This holds in our models (Figure 4c ): A point that yields during the dynamic process exhibits higher peak particle velocities than the other point that does not yield. It is the dynamic stress perturbation that determines the magnitude and extent of inelastic deformation in FZ1 and FZ3, given the uniform material strength and pre-stress condition within the zones. The residual displacement profiles vary little over large distances (e.g., comparing x = −12 and −6 km in Figure 3c ) along the portion that experiences elastic deformation only. However, occurrence of inelastic deformation causes dramatic changes in the residual displacement. Along FZ1, small inelastic strain (i.e., between about x = 0 and 5 km) causes decrease in the amplitude of faultparallel motion and the sense of motion is still left-lateral (x = 3 and 6 km in Figure 3c ). Significant inelastic strain (e.g., > 0.0001 in this model, between x = 7 and 17 km) results in right-lateral motion across the fault zone (Figure 3d) . [11] The sense of fault-normal displacement across FZ1 and FZ3 is essentially determined by the sense of the mean stress changes within the fault zones (Figure 4a ). Exten- sional and compressional changes result in fault-normal extension and shortening (Figure 1b) , respectively. Faultnormal extension can be enhanced (i.e., increase in amplitude) by inelastic deformation (Figure 2d) .
[12] We remark that inelastic deformation in the compliant fault zones FZ1 and FZ3 occurs only when the prestress level is close to the static material strength determined by material properties and the initial mean stress. In the above models, the maximum initial shear stress (i.e., the left side of equation (1)) is 12.0 MPa and the static material strength in FZ1 and FZ3 (i.e., the right side of equation (1)) is ∼12.5 MPa. When we increase the latter to be ∼13.0 MPa or above, FZ1 and FZ3 respond to the rupture elastically over their entire lengths. We also remark that material in FZ1 and FZ3 in the above models is weaker than that in FZ2, which surrounds the ruptured fault. This choice may be justified by the argument that FZ2 has experienced a longer period of healing (thus stronger) compared with nearby FZ1 and FZ3, as the fault within FZ2 is at the end of a seismic cycle.
Discussion
[13] Dynamic rupture models above show that some portions of a compliant fault zone that experience extensional changes in the mean stress may experience inelastic deformation when the prestress level is close to the material strength, though other portions respond to the rupture elastically. Furthermore, inelastic response with significant inelastic strain results in sympathetic motion in the static displacement field, while elastic response causes retrograde motion. These findings may have important implications for a better understanding of anomalous displacements across faults close to a large earthquake imaged by InSAR and for an improved estimation of fault zone structure and properties. The elastic inhomogeneity model [Fialko et al., 2002] has attributed the observed anomalous displacements solely to elastic response of compliant fault zones to the static stress changes. Theoretical investigations in this study and the observation by Vidale and Li [2003] suggest some of the observed displacements may be a result of inelastic response of compliant fault zones to the dynamic stress changes. Furthermore, although the ambiguity between horizontal and vertical displacements may cause inaccuracy in estimates of horizontal motion, polarity switches in fault-parallel motion reported by Sandwell et al. [2000] may be what actually happened and can be explained by different responses. We remark that inelastic deformation in our models represents distributed damage in compliant fault zones, which is different from localized frictional slip on the fault. In addition, one cannot simply extrapolate observed damage along the Johnson Valley fault zone, which is in a dilatational quadrant of the 1999 Hector Mine event, to other fault segments that are in the compressional quadrants (e.g., most of the Camp Rock fault zone), which may deform elastically without coseismic damage.
[14] The condition for inelastic deformation to occur in compliant fault zones, that is the prestress level is close to the material strength, may provide us with a means to determine the stress state in fault zones. If we detect sympathetic motion from InSAR images across some faults close to a large earthquake and the strength of rock samples in the fault zones is measured in the lab, then the prestress level can be well constrained.
Conclusions
[15] When the prestress level is close to rock strength in a compliant fault zone, some portions of the zone that experience extensional changes in the mean stress can experience inelastic deformation, while the remaining portions respond to nearby ruptures elastically. Inelastic response causes sympathetic motion across the fault zone, while elastic response results in retrograde motion. Although elastic response of compliant fault zones may be examined by static and elastic analyses, inelastic deformation is caused primarily by dynamic stress perturbations and requires dynamic analyses with nonlinear rheological models. and y− (red) components of particle velocity at one point with the coordinate of (5 km, −10 km) that does not yield (dashed) and the other point (12 km, −10 km) that yields (solid). The latter exhibits higher peak particle velocities than the former.
